The hypoxia-inducible factors (HIFs) are critical for cellular adaptation to limiting oxygen and regulate a wide array of genes when cued by cellular oxygen-sensing mechanisms. HIF is able to direct transcription from either of two transactivation domains, each of which is regulated by distinct mechanisms. The oxygen-dependent asparaginyl hydroxylase factor-inhibiting HIF-1a (FIH-1) is a key regulator of the HIF C-terminal transactivation domain, and provides a direct link between oxygen sensation and HIFmediated transcription. Additionally, there are phosphorylation and nitrosylation events reported to modulate HIF transcriptional activity, as well as numerous transcriptional coactivators and other interacting proteins that together provide cell and tissue specificity of HIF target gene regulation. The maintenance of oxygen homeostasis is a crucial physiological requirement that involves coordinated regulation of a plethora of genes. The hypoxia-inducible transcription factors (HIFs) are responsible for a major genomic response to hypoxia, where cellular oxygen demand exceeds supply. The HIFs directly regulate the transcription of more than 70 genes involved in cellular processes that act to directly address this deficit by decreasing oxygen dependence and consumption by cells, and by increasing the efficiency of oxygen delivery to cells. These processes include vasculogenesis and angiogenesis, metabolism, vasodilation, cell migration, signalling and cell fate decisions. As such, the HIFs are fundamental to embryonic development and the pathophysiology of many serious human diseases, and are therefore subject to strict regulatory mechanisms that act to limit transcriptional activity to periods of cellular oxygen stress. The HIF proteins are subject to oxygen-dependent regulation, both at the level of protein stability (reviewed in this issue by R Bruick) and transcriptional activity, rendering them almost inactive at normoxia, but potently inducible in hypoxia. The regulation of the transcriptional activity of the HIF proteins, both via oxygen-dependent and oxygen-independent mechanisms, will be discussed in this review.
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The HIFs
HIF is assembled from a-and b-subunits to become a transcriptionally active heterodimer. 1 Both subunits are members of the bHLH/PAS (basic helix-loop-helix/Per-ArntSim homology) family of transcription factors, and both contain transactivation domains ( Figure 1 ). 2, 3 Whereas HIF1b, also known as the aryl hydrocarbon receptor nuclear translocator (Arnt1), is a constitutively expressed nuclear protein, the a-subunit is strictly regulated in an oxygendependent manner. There are three paralogues of the HIF-a subunit, HIF-1a, HIF-2a and HIF-3a, and three paralogues of HIF-1b (Arnt1, Arnt2 and Arnt3), with either HIF-1a or HIF-2a being able to heterodimerize with HIF-1b to form the functional HIF transcription factor complexes responsible for the hypoxic shift in gene expression. HIF-3a has no known role as an active transcription factor, and is instead postulated to behave as a negative regulator of HIF-mediated transcription. 4 An alternative splicing product of the HIF-3a gene has been found to dimerise with HIF-1b and inhibit transcription of target genes by sequestration of HIF-1b from HIF-a. 5 The alternative splicing event leading to generation of this factor, termed inhibitory PAS domain protein (IPAS), is hypoxically inducible, and IPAS may therefore provide a potential negative feedback mechanism for HIF-a regulation. 6, 7 DNA Binding HIF-a is constitutively transcribed and translated in cells, but under normoxia it has an extremely short half-life of less than 5 min. 8, 9 This rapid normoxic turnover is facilitated by hydroxylation of specific proline residues within a central oxygen-dependent degradation domain (ODDD; Figure 1 ) by HIF-a-specific prolyl hydroxylases (PHDs, reviewed in this issue by R Bruick). Hydroxylation prompts polyubiquitylation of HIF-a, targeting it for proteasomal degradation. Hypoxia, however, impedes hydroxylation and stabilises the protein.
Regulation of HIF-a stability is also mediated by an oxygenindependent pathway. In the cytoplasm, HIF-a is bound by heat-shock protein 90 (Hsp90) and this association leads to enhanced stability of the subunit. 10 However, upon displacement of Hsp90 by Hsp90 inhibitors, receptor of activated protein C kinase (RACK1) is able to bind and acts to recruit ubiquitin ligase machinery and potentiate the degradation of the a-subunit.
When stable, HIF-a translocates to the nucleus, dimerises with HIF-1b and binds to hypoxia response elements (HREs) in the regulatory regions of target genes. Dimerisation is an absolute prerequisite for DNA binding and is mediated by the bHLH and PAS domains of each subunit, with the basic regions contiguous with the HLH motifs of both partners contacting the DNA (Figure 2) . 11 Dissection of the enhancer of the seminal HIF target erythropoietin (EPO) 12 revealed two regions essential for reporter activity; the core HRE or HIF-binding site (HBS) containing the consensus sequence (A/G)CGTG) which HIF contacts directly, and the HIF ancillary sequence (HAS), which is an imperfect inverted repeat shown to recruit transcription factor complexes other than HIF. 13 Over 70 genes have been confirmed as bona fide HIF targets containing the canonical HBS. Although microarray experiments indicate that more than 200 transcripts are hypoxically regulated, some of these may be indirect targets or regulated in an HIF-independent manner. 14 
HIF Transactivation Domains
Once HIF is assembled on the HRE, it must recruit transcriptional coactivators to form an intact initiation complex, a process mediated by distinct transactivation domains present within the HIF-a proteins. HIF-1a and HIF-2a contain two transactivation domains, an oxygen-regulated C-terminal transactivation domain (CAD, spanning residues 786-826 of hHIF-1a) and a more centrally located transactivation domain designated N-terminal transactivation domain (NAD, spanning residues 531-575 of hHIF-1a; Figure 1) . 15, 16 The NAD and CAD of HIF-1a are each highly conserved between species, with more than 90 and 100% amino-acid conservation, respectively, between mice and humans. However, the NAD and CAD of human HIF-1a share little amino-acid similarity with each other, implying divergent yet highly important roles for each domain. 17 Both the NAD and CAD employ recruitment of the coactivators CBP/p300, SRC-1, and transcription intermediary factor 2 (TIF-2), [18] [19] [20] although direct interactions have only been demonstrated between the CAD and p300 or Crebbinding protein (CBP). 21 CBP and p300 are paralogous transcriptional coactivators that are essential for linking HIF and other transcription factors with coactivator complexes and the basal transcriptional machinery, and are thus indispensable for robust transcriptional activation. Additionally, CPB/p300 have histone acetyltransferase activity that is needed for modification of chromatin prior to transcription. Although the obligate partner HIF-1b has its own well-defined CAD (Figure 1 ), it appears to be dispensable for transcription in the context of the HIF heterodimer. 2 However, it remains a possibility that other uncharacterised transactivation domains exist within HIF-1b, and they are required for HIF-mediated transcription. 22 A key difference between the NAD and the CAD is their oxygen-dependent regulation. The central NAD is contiguous with the ODDD, and thus it has been difficult to distinguish NAD-specific regulation from the oxygen-dependent protein degradation mediated by the ODDD. 16 However, although there have been some reports suggesting some oxygendependent regulation of the NAD independent of stability, any such regulation is minor compared with the highly regulated CAD. 15 A recent study has characterised the differential roles of NAD-and CAD-driven transcription. 17 By manipulating the levels of the hydroxylases within cells to modulate NAD and CAD activity, it was concluded that the CAD contributed to the regulation of most, but not all, HIF target genes, and was the predominant transactivation domain. However, a subset of HIF target genes that dependent exclusively on the NAD and not influenced by changes in CAD activity, supporting the specific roles of the two HIF transactivation domains. Physiologically, these genes are hypothesised to be activated in response to oxygen concentrations below the threshold required for PHD activity, yet still adequate for factor-inhibiting HIF (FIH) to hydroxylate and therefore silence the CAD.
The NAD has recently been shown to contribute to HIF-1 and HIF-2 target gene specificity. 23 HIF-1a/HIF-2a chimeric proteins, where innate NAD and/or CAD domains of each paralogue were 'swapped', were used to investigate the effect of each on the transcription of endogenous HIF target genes deemed to be either HIF-1a specific, common targets of both HIF-1a and HIF-2a, or HIF-2a specific. Interestingly, swapping the CAD between HIF-1a and HIF-2a had no effect on the target transcripts measured, whereas substitution of both the NAD and the CAD effectively caused HIF-1a to behave as HIF-2a, and vice versa. These data clearly implicate the NAD and not the CAD in regulating HIF target gene specificity.
In isolation, the 40-amino-acid CAD is constitutively active in reporter gene assays independent of oxygen levels. However, when the adjacent inhibitory domain (ID) is included (located between the two transactivation domains; Figure 1 ), the CAD is efficiently repressed in normoxia and derepressed in hypoxia. 15 A more detailed characterisation of the ID demonstrated that as little as 10 amino acids adjacent to the CAD are required for normoxic repression, and alanine scanning mutagenesis showed the importance some or all of the RLL triad located five residues N-terminal to the CAD for this repression. 24 Regulation of CAD activity has been of considerable interest, as this involves the second oxygendependent posttranslational modification regulating HIF.
Oxygen-Dependent Regulation of HIF-CAD by FIH-1
Whereas stability of HIF-a is regulated by the hydroxylation of two conserved prolyl residues within the ODDD by three HIF prolyl hydroxylases (PHD 1-3), the activity of the CAD is regulated by hydroxylation of a single conserved asparaginyl residue by the asparaginyl hydroxylase, FIH-1.
21,25-27 FIH-1, like the PHDs, is a member of the Fe(II) and 2-oxoglutarate (2-OG)-dependent dioxygenase family of hydroxylases. FIH-1 catalyses the splitting of dioxygen, using one oxygen atom for hydroxylation of the target asparagine, and the other for oxidising the cofactor 2-OG to succinate, thus releasing CO 2 ( Figure 3) .
The oxygen-dependent hydroxylation of this single asparagine was first identified in mHIF-2a at position 851, corresponding to Asn803 in hHIF-1a. 21, 26, 27 Hydroxylation at this single asparagine residue was found to be sufficient to prevent the interaction of the CAD with the essential transcriptional coactivator CBP/p300, thus silencing HIFs transcriptional ability. 25, 28 Replacement of the target asparagine with alanine renders the CAD constitutively active and capable of binding the CBP/p300 coactivator complex irrespective of O 2 levels, showing that asparagine hydroxylation is necessary for CAD repression at normoxia.
Hypoxia inhibits CAD hydroxylation by inhibiting FIH-1 activity, facilitating CBP/p300 recruitment and providing a direct mechanism for the hypoxic activation of the CAD. Thus, modification of the target asparagine acts as a molecular switch, enabling repression of the CAD at normoxia, and derepression in hypoxia when HIF target genes are required by the cell. 21 Oxygen-Dependent Regulation of FIH-1 FIH-1 has an absolute requirement for oxygen to maintain enzymatic activity, and thus has the potential to be a cellular oxygen sensor. The estimated K m values of FIH-1 and the PHDs for molecular oxygen were first reported to be approximately 90 and 250 mM, respectively. 29, 30 Although these values were determined in vitro using relatively short peptides as substrates, they do provide a guide as to the oxygen sensitivity of these enzymes within cells. Given that physiological oxygen concentrations are around 4-40 mM and below the estimated K m , and the enzymes are present within cells in limiting amounts, this implies that the hydroxylases are poised to respond to physiologically relevant changes in intracellular oxygen concentrations, with any decrease in oxygen tension likely to impart a direct reduction in the catalytic rate of the enzymes (reviewed in Schofield and Ratcliffe 31 and Fandrey et al. 32 ). Although these data are in support of FIH-1 and the PHDs acting as direct cellular oxygen sensors, it is also possible that these hydroxylases are indirect oxygen sensors, with oxygen sensing mediated by mitochondria, for example, via generation of reactive oxygen species in hypoxia, 33 although this remains controversial. Interestingly, since FIH-1 appears to have a higher affinity for O 2 than the PHDs based on in vitro experiments, 29 it follows that as the severity of hypoxia increases, the PHDs would be inactivated first, while FIH-1 would require more severe hypoxia to lose activity (Figure 4) . Indeed, overexpressed FIH-1 can still exert a catalytic effect at 0.2% Figure 3 Normoxic silencing of the CAD by FIH-1-mediated hydroxylation. At normoxia, FIH uses the co-substrates O 2 and 2-OG to hydroxylate the target asparagine residue within the HIF-a-CAD, releasing CO 2 and succinate. This hydroxylation event precludes association with the essential coactivators CBP/ p300, repressing the transcriptional activity of the CAD. During hypoxia, when oxygen is limiting, FIH is unable to efficiently catalyse the hydroxylation of the CAD, enabling binding of CBP/p300 to the non-hydroxylated CAD and transactivation of target genes oxygen concentration, whereas the PHDs were found to be inactive under the same conditions. 34 However, more recent studies using larger peptides suggest that the K m of FIH-1 for oxygen in vitro is closer to 250 mM like the PHDs, depending on the length of peptide used. 35 More importantly, cell-based assays examining the activity of endogenous FIH-1 and the PHDs indicate that FIH-1 was less sensitive to decreasing oxygen levels than the PHDs in some cell types, whereas in other cells types it was more sensitive, thus demonstrating that the oxygen-dependent sensitivity of FIH-1 can vary between different cell types independently of the PHDs. 36 These cell-based results do not invalidate the in vitro results, but rather reflect the intrinsic differences between proteins in a complex cellular environment compared with isolated proteins and peptides.
The Structure of HIF-CAD
Determination of the structure of HIF-a-CAD when in complex with either CBP/p300 or FIH-1, has contributed to understanding the inherently malleable nature of the CAD, which adopts different structures depending on the nature of its binding partner, and helped understand the mechanism by which hydroxylation of Asn803 abrogates CBP/p300 binding.
First, structural analysis by nuclear magnetic resonance showed that the unbound hHIF-1a-CAD (residues 776-826) is unstructured. 37, 38 Upon binding FIH-1, the CAD becomes structured and engages the FIH-1 homodimer at two sites of interaction; site 1 in hHIF-1a-CAD encompasses residues 795-806 and contains the hydroxylated asparagine, while site 2 includes residues 812-823 and shows only weak binding independent of site 1 ( Figure 5) . 39 Site 1 binds via 10 hydrogen bonds in an extended loop conformation, and site 2 residues form an a-helix. 39 In addition, FIH-1 itself undergoes a conformational change upon HIF-CAD binding.
Within the FIH-1-CAD complex, Asn803 is deeply embedded within the catalytic pocket, guided by a hydrogen bond between the backbone carbonyl group of Val802 and the backbone amino group of Ala804. This interaction ratifies the finding that after individual mutagenesis of eight conserved residues of the HIF-1a-CAD close to Asn803, only the adjacent Val802 was found to be essential for efficient hydroxylation. 40 Mutation of this residue to alanine reduced in vitro catalysis of hydroxylation fourfold, without interrupting substrate binding, a result corroborated in mammalian cellbased reporter assays. 40 Recognition and hydroxylation of the CAD by FIH-1 have also been reported to require a minimal substrate sequence of approximately 35 residues, including residues 788-822, which essentially spans sites 1 and 2. 29 Hydroxylation is markedly reduced by deletion of only a few residues from either the N-or C-terminus, demonstrating the importance of both site 1 and site 2 in FIH-1 binding and hydroxylation.
The CAD interacts with CBP/p300 via the cysteine/ histidine-rich domain 1 (CH1 domain) of the latter, which comprises four a-helices that form a hydrophobic core. In contrast to the extended loop formed by hHIF-1a-CAD site 1 residues when interacting with FIH-1, upon binding to the CH1 domain, both site 1 and site 2 residues adopt an a-helical conformation (helices spanning residues 797-803 and 816-822) ( Figure 5 ), connected by an extended loop that straddles helix 3 of the CH1 domain. 37, 38 Within the hHIF-1a-CAD/p300 complex, the side chain of Asn803 is the most deeply buried residue of the binding interface. It is positioned within a hydrophobic pocket such that addition of a hydroxyl group to its b-carbon is predicted from the structures to disrupt binding of the CAD to p300, illustrating the molecular mechanism by which hydroxylation by FIH-1 prevents HIF-dependent transcription. 38 In support of these conclusions, fluorescence polarisation binding assays of the CAD with p300 demonstrate almost complete abrogation of binding when the CAD is hydroxylated. 41 There is subtle variation in the regulation of HIF-1a-CAD compared with that of HIF-2a-CAD, with HIF-1a peptide Figure 4 Hypothesised sequential activation of the NAD, and then the CAD, in gradients of hypoxia. Predicted from in vitro derived K m values of PHD and FIH for oxygen, this model suggests that as oxygen concentrations decrease, the PHDs lose catalytic activity first due to their weaker affinity for O 2 , while FIH still hydroxylates and represses the CAD. This leads to stabilisation of only HIF-a protein and NAD activity. At lower oxygen tensions, catalytic activity of FIH-1 is reduced, derepressing the CAD for full transcriptional activation Figure 5 Induced-fit model of HIF-a-CAD (residues 775-826) binding. The unbound CAD is unstructured. It is able to bind to either FIH or CBP/p300, via two distinct sites of interaction (site 1, residues 795-806; and site 2, residues 813-822), and to adopt different conformations at these sites depending on the binding partner. While the a-helical conformation at site 2 is similar when bound to FIH or CBP/p300, the a-helix at site 1 is only observed when it is bound to CBP/p300 substrates more efficiently hydroxylated by FIH than HIF-2a substrates in vitro. 29 Although there is quite high conservation at the amino-acid level between the HIF-1a and HIF-2a-CADs, hHIF-1a has a conserved alanine at position 804, whereas HIF-2a has a valine in the equivalent position. As stated previously, this residue forms a hydrogen bond required for the correct orientation of the target asparagine into the active site of FIH-1. Mutational analyses that swapped the residues in this position (Ala804Val in HIF-1a and Val848Ala in HIF-2a) were sufficient to completely reverse the in vitro hydroxylation rates mediated by FIH-1 such that HIF-1a Ala804Val exhibited a V max similar to that of wild-type HIF-2a, and HIF-2a Val848Ala had an elevated V max much like that of wild-type HIF-1a. 36 
Localisation and Expression of FIH
FIH-1 protein expression has been detected at similar levels in all tissue culture cell lines investigated to date. 34, 36 Immunohistochemical interrogation of an extensive range of human tissues revealed widespread and predominantly cytoplasmic staining of varying intensity for FIH-1 protein. 42 During normoxia, FIH-1 is localised predominantly in the cytoplasm, and is available for modification and silencing of HIF-a. Treatment of cultured cells with hypoxia or hypoxia mimetics does not appear to alter the cytoplasmic localisation of FIH-1.
34,40,43
Other FIH-1 Substrates and HIF Regulation
Until recently, knowledge of FIH-1 function was limited to its regulation of the HIF-a proteins. Recent studies have uncovered a new class of interacting proteins, with some being subsequently identified as genuine substrates for asparaginyl hydroxylation. All these proteins contain ankyrin-repeat domains (ARDs) and include IkBa; p105; Notch1, 2 and 3; and Ankyrin repeat and SOCS Box protein 4 (ASB4). [44] [45] [46] Presently, the function of hydroxylation on these novel substrates remains unclear, with only subtle downstream effects, if any, being observed. However, it has been suggested that hydroxylation of ARD-containing proteins occurs in competition with HIF hydroxylation, and could potentially regulate HIF-mediated transcription by sequestering FIH-1, particularly in hypoxia. 45 
Regulation of FIH-1
As FIH-1 is a crucial regulator of the CAD, modulation of the activity of FIH-1 has important implications for transcriptional activity of HIF. In addition to regulation by intracellular oxygen levels, FIH-1 transcription and stability may also be regulated. FIH-1 has been shown to interact in vitro with the von HippelLindau protein, which is an integral component of the ubiquitin ligase machinery responsible for oxygen-dependent degradation of HIF-1a, and histone deacetylases, although the purpose of this interaction is unclear. 26 Recent reports link FIH-1 with another ubiquitin ligase Siah-1. 47 While this research demonstrates an interaction between the two proteins that results in polyubiquitylation and degradation of FIH-1, the functional relevance remains ambiguous. Although the authors argue that it represents a hypoxia-dependent degradation mechanism for FIH-1 and thus a way of enhancing HIF transactivation under oxygen stress, there is no discernable increase in FIH-1 protein levels in hypoxia in this or previous studies. 34, 47 A novel mechanism of regulation of FIH-1 transcription in renal carcinoma cells has been put forth following an earlier finding that FIH-1 message was increased with knockdown of protein kinase C-z (PKCz), or overexpression of a dominantnegative form. 48 Li and co-workers identified a cis-regulatory element in the FIH-1 promoter that binds phosphorylated CDP/Cut proteins and thus represses transcription. PKCz is the kinase responsible for CDP/Cut phosphorylation, and phosphorylation by PKCz was demonstrated to be important for DNA binding by CDP/Cut, and for FIH-1 repression.
As already mentioned, FIH-1 requires 2-OG, Fe 2 þ , ascorbate and dioxygen for catalysis of hydroxylation. Regulation of all four HIF hydroxylases by the citric acid cycle intermediates fumarate, succinate and oxaloacetate was investigated, with the PHDs exhibiting negative regulation with all three.
49,50 FIH-1, however, was not inhibited by physiologically relevant levels of these compounds, and is thus unlikely to be regulated via metabolic pathway intermediates, possibly due to its more important role in other processes not directly related to cellular metabolism, including neural differentiation and vasculogenesis. Understanding of the regulation of FIH-1 expression and the consequences for HIF activity is limited and warrants further investigation.
Other Modifications Affecting HIF-Driven Transcription
In addition to asparagine hydroxylation, various posttranslation modifications have been reported to occur on the HIF-1a CAD, which can potentially modulate its activity. For example, phosphorylation of hHIF-1a at Thr796 by casein kinase II was first postulated by Gradin et al. 51 , and substitution of an aspartic acid residue at this position to mimic phosphorylation increased the interaction of the CAD with p300 within cells. It was subsequently shown that a peptide phosphorylated at this position could not be hydroxylated by FIH-1, 52 and the aspartic acid mutation significantly decreased hydroxylation efficiency in vitro. 53 Finally, in vitro interaction assays demonstrated that phosphorylation alone at this position did not enhance binding to p300, 41 and rather indicated that phosphorylation at Thr796 inhibited hydroxylation by FIH-1, facilitating increased p300 binding and CAD activity.
Mitogen-activated protein kinase (MAPK) has been correlated with CAD activity as enhanced activation of MAPK increases HIF-a-mediated transactivation, and conversely inhibition of MAPK restricts transcription by disruption of the HIF-a-CAD/p300 interaction. 54 Additionally, it has been reported that MAPK-mediated phosphorylation of serine residues 641 and 643 within the ID of HIF-1a reduces activity by preventing CRM1-dependent nuclear translocation of the subunit. 55 S-nitrosylation of the thiol group of Cys800 of HIF-1a has been reported to increase transcriptional activity. This was postulated to occur via enhancement of the interaction between the CAD and CBP/p300, thus linking cellular redox status to recruitment of CBP to HIF. 56 However, more recent quantitative interaction studies with purified proteins and peptides demonstrated a significant decrease in p300 binding upon Cys800 S-nitrosylation. 41 SUMOylation of HIF-1a has also been described by several groups, however the reported outcomes of this modification are varied. For example, in a number of studies, SUMOylation of HIF-1a has been suggested to both increase HIF-1a stability and transcriptional activity, 57, 58 but in others, it has been suggested to decrease activity and enhance VHLmediated ubiquitination 59, 60 Transcriptional Cofactors
Numerous factors in addition to CBP/p300 have been found to participate in HIF-mediated transcription. These can act ubiquitously or can discriminate between HIF-a isoforms or between specific target genes, and may also assist in tissuespecific gene expression. Examples include members of the p160 family of coactivators, such as TIF-2 and SRC-1, which both enhance HIF-1-mediated transactivation during hypoxia. 20 HIF-1b is also responsible for recruitment of the reportedly essential coactivator thyroid hormone receptor/ retinoblastoma-interacting protein-230 (TRIP230), although this does not require the characterised HIF-1b transactivation domain. 22 HIF-1a and HIF-2a are closely related in domain architecture, DNA binding and activation mechanisms, however they exhibit non-redundancy as demonstrated by mouse knockout models. As yet, there is limited knowledge of the mechanisms that determine this non-redundancy, but differential regulation via protein recruitment and transactivation may play an important role. For example, HIF-2a but not HIF-1a binds the NF-kappaB essential modulator (NEMO), and this interaction assists in recruiting CBP/p300 and enhances HIF-2a-mediated transcription activity at normoxia. 61 Also, the transcription factor Ets1 has been demonstrated to interact specifically with HIF-2a for the transcription of vascular endothelial growth factor (VEGF) receptor 2 , or Flk1. 62 Examples of accessory transcription molecules that are required for or enhance transcription of specific target genes include hepatocyte nuclear factor 4 (HNF-4) and Smad3. HNF-4 is a liver-and kidney-specific transcription factor reported to be required for EPO transcription at hypoxia via binding to two adjacent repeats of the HNF-4 element in close proximity to the HRE present in the EPO enhancer. 63 Mutation of the HNF-4 element, and thus loss of HNF-4 binding, prevented hypoxic induction of EPO. HNF4 has also been shown to interact directly with both HIF-1a and Arnt, and these interactions were deemed important for hypoxia-induced EPO transcription in the liver and kidney. 64 HIF-1a was shown to interact with Smad3 in vivo, and to bind synergistically with HIF-1 to a Smad-binding site near the HRE in the VEGF promoter. 65 As Smad3 was previously shown to interact with CBP/p300, a possible mechanism for the enhancement of VEGF transcription by Smad3 may be through stabilisation of the HIF-1a-CBP/p300 interaction on the DNA. Additionally, STAT3 was found to be important for maximal VEGF expression in complex with HIF-1 and CBP/p300 in prostate and pancreatic carcinoma. 66 Conversely, the HIF proteins can also participate in transcriptional regulation of non-canonical pathways such as Myc and Notch signalling, where they are recruited to DNA via interaction with other transcription factors. 67 Finally, Hsp90 has been shown in a number of studies to be required for HIF activity, although this appears to be predominantly through regulation of HIF stability as described previously. 68 
Conclusion
The regulation of HIF-mediated transcription has been the topic of intensive research in recent years, with the discovery and characterisation of the hydroxylation-mediated 'hypoxic switch' a major achievement among others. However, our understanding of this crucial signalling pathway remains incomplete. For example, the discovery of new interacting proteins and substrates for FIH-1 has important implications at the molecular and physiological level for HIF regulation and cross talk between the HIF and other pathways. Continued research in this field will not only enhance our understanding of this crucial pathway, but also contribute to our knowledge of the pathophysiology of major human diseases, and ultimately may facilitate the generation of novel therapeutic strategies.
